Abstract-A method of applying power-factor (PF) correction capacitors is discussed based on net savings maximization according to Egyptian's Tariff. Test results from examples taken from existing publications are presented. The purpose of this application technique is to utilize existing electrical distribution equipment in the installation of very large values of PF correction capacitors. It is concluded that LC compensators can be installed, thus providing maximum benefits from penalty elimination, system losses reduction, release of system transformer capacity, and minimum switching transients. Paybacks of less than one year can be expected.
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Resistance of the compensator reactor (in ohms). Root mean square (rms) value of supply current (in amperes). Supply current at harmonic number (in amperes). Load harmonic current (in amperes). Capacitor current at harmonic number (in amperes).
RMS value of load voltage (in volts). Supply voltage at harmonic number (in volts)
. Load voltage at harmonic number (in volts). Load power factor (in per unit). Load displacement power factor (in per unit). Network transmission efficiency (in percent). Loss in Thevenin resistance (in kilowatts). 
E
LECTRICITY tariff structures in Egypt are fairly complex, especially for large industrial users. Electricity tariffs are designed to recover the cost to the utility of both providing the equipment to generate the electricity and the cost of operating the equipment. The first category of charges is sometimes called "fixed charges," because these charges help the utility to recover the costs associated with providing the installed generating equipment, transmission, and distribution. The levy imposed by the utility to recover these costs is generally built into the charges for peak demand and power factor (PF).
Demand charges are generally based on either an actual measured peak demand or a contracted peak demand. Generally, peak demand is the highest kilovolt-ampere continued for a 15-min "window" measured over four windows during any one calendar month. The utility must provide the generating, transmission, and distribution equipment capacity to meet a user's peak electric demand, even if that maximum electric demand occurs for only a short period of time. Hence, the customer can incur substantial costs for a short duration of high electricity demand. In addition, because the demand charges are based on the higher contract peak demand or actual measured peak demand, the customer who contracts for a significantly higher peak demand than actually required will also incur significantly higher electricity costs.
The second category of charges is sometimes called "variable charges" because these charges help the utility recover their costs of operating the equipment (e.g., labor, fuel, taxes, and other costs of operation). The cost of operation depends on the amount of electricity generated. These costs are recovered in the kilowatt-hour charges.
In Egypt, utilities impose a penalty in the form of higher charges for customers with contracted loads greater than 500 kW whose PF is less 0.9. From the customer's point of view, this penalty should be sufficient to motivate the installation of PF correction equipment. Aside from decreasing the electric bill (or actually resulting in a bonus), other advantages of PF correction include increasing internal electrical distribution system capacity, reducing distributing system losses, and enhancing voltage stability. The following are the possible benefits that can be achieved by correcting the consumer's PF value [1] .
A. Elimination of the Lagging PF Penalty
The PF penalty is a multiplier applied to the normal kilowatthour consumption charges. The penalty is based on an annual 0885-8977/$20.00 © 2005 IEEE average PF, calculated from kilowatt-hours (kWh) and kvarh meter readings as follows:
When the average annual PF is less than 90% but greater or equal to 70%, the penalty is calculated as follows:
When the average annual PF is less than 70%, the penalty is Penalty kWh charges (3) If the consumer does not correct the PF, the penalty increases after three months to Penalty kWh charges (4) The utility also has the right to discontinue service if the consumer does not correct the PF within another six months.
B. Reduction in Contract Demand
The contract demand is the demand that the supplier of electric service agrees to have available for delivery. According to the Egyptian tariff structure, increasing the PF may allow the consumer to reduce his or her contracted power. This results in the use of a different scale for calculating the cost of kilowatt-hour consumption. The effect is to use smaller block sizes at higher unit energy costs and larger block sizes for the cheaperrate blocks.
C. Bonus due to Overcorrected PF
According to the Egyptian tariff structure, a bonus is offered to customers when they maintain an average annual PF higher than 92% and up to a maximum of 95%. This can be calculated by the following:
D. Reduction of Internal Distribution System Losses
With active power held constant, as PF decreases, the required apparent power increases. As a result, the electrical system resistance losses are increased. Although these losses are small (2.5% to 7.5% of a typical industrial load's yearly energy consumption) [2] , the effect is much more pronounced on a national scale.
E. Increased Distribution System Capacity
Low PF cuts down distribution system capacity. Similar capacity degradation is possible with cables, circuit breakers, and other electrical equipment. The capacity of all of this equipment to provide useful power is reduced by low PF. In effect, increasing PF will result in increased capacity in existing electrical distribution systems. This can help offset or reduce expenses for additional system capacity.
F. Enhanced Voltage Profile
While not a reason in itself for installing PF improvement equipment, better voltage stability is usually an additional benefit of PF correction. This paper presents a method for maximizing the net savings due to PF correction at the load bus where it is desired to maintain the PF and total harmonic distortion of the voltage at a desired level by using the Penalty Function method as a tool of optimization. It is assumed that both the equivalent source and load are considered to generate harmonics. Also, It is assumed that the load harmonics are not sufficiently serious to suggest tuned filters, but when combined with source harmonics, the use of a pure capacitive compensator would degrade PF and overload equipment. Consequently, an LC compensator is selected [3] .
II. INDUSTRIAL MOTIVE POWER TARIFF
The large industrial motive power tariff applies to three major classes of customers: public sector industries, national private sector industries, and investment sector companies.
The tariff is based on three elements: a demand charge, a consumption charge, and a PF charge. In addition, for private and investment sector companies, a fuel adjustment charge may be added. Each of these charges is discussed below.
A. Annual Demand Charge
The electric demand charge is based on the highest of one of three demands: the contracted power in kilowatts, the contracted power in kilovolt-amperes times 0.9, and the actual recorded power in kilowatts. The annual cost per kilowatt of demand is currently 87.6 LE (Egyptian pounds). Hence, the highest of the three demand times 87.6 LE yields the annual demand charge.
B. Annual Consumption Charge
The consumption charge is based on annual kilowatt-hours of electricity used. The annual cost per kilowatt-hours of demand is currently 0.1535 LE (Egyptian pounds). Hence, the annual consumption times 0.1535 LE yields the annual consumption charge.
C. Annual PF Penalty
The final element of the industrial tariff is the cost of the PF penalty. Fig. 1 is an example illustrating the case study of an industrial plant [4] . The 60-cycle supply bus voltage is 4.16 kV. For conciseness, the actual plant loading is consolidated in this listing.
III. CASE STUDY AND ITS SIMULATION
Induction motors Fig. 1 . Case under study.
Thyristor dc drives
Other
The above list illustrates the low displacement power factor dPF (71.65%) associated with this load. Fig. 2 is a single-phase equivalent circuit of a nonsinusoidal bus of Fig. 1 with an LC compensator.
The Thevenin voltage source representing the utility supply and the harmonic current source representing the nonlinear load is (6) and (7) where is the order of harmonic present.
The th harmonic Thevenin source and load impedances are (8) and (9) or (10) To simplify the analysis, only the load model using the respective active and reactive powers at the fundamental frequency is considered while sizing the compensators. The utility is often represented by an impedance, which is found from the short circuit test [5] . This model, Fig. 2 , is adequate where is less than 10% [6] . Let be in parallel with Then (11) where Let be in parallel with . Then (12) where From Fig. 2 By simplification of the above equation and using (8)- (12), the supply current is obtained (13) Then, the load voltage is given by (14) and the compensator current is given by (15) where For capacitors and reactors, volt-ampere ratings are defined as [4] (16) and (17) In (16) and (17), the harmonic voltages are added linearly in the first summation to emphasize the effect of peak (as opposed to rms) voltage on insulation cost.
The variable part of the compensator cost is then
where and are, respectively, the costs of capacitor and inductor per kilovolt-ampere and considered to be constant parameters and taking as 60.0 L.E./kVA in this study.
IV. OBJECTIVE FUNCTION
The contracted power was (5100 kW) at (90%). Therefore, the demand charges were (87. 6 ) LE according to the Egyptian tariff. The power is at after PF correction. Therefore, the demand charges are (87. 
C. Effect of Supply Frequency on the AC Resistance
In most power systems, one can generally assume that the resistance does not change significantly when studying the effects of harmonics of less than the ninth [6] . In this study, it is assumed that (22) where is the resistance of the transmission system at the fundamental frequency, and is the resistance of the load at the fundamental frequency.
The reader should refer to [7] and [8] for detailed analysis of distribution systems, loads, and other system elements.
D. Resonance Constraint
The expected impedance seen from the Thevenin source is given by (23) The resonance peaks can be obtained by setting the imaginary part of (23) to zero, resulting in a quadratic equation in and for any given harmonic order (24) where The precalculated compensator values for series resonance by taking the solution of (24) where the square root of the discriminant is positive, are used to subdivide the entire search region into smaller regions. In each region, the total maximums are identified leading to the eventual identification of the global maximum of any of the functions.
E. Standard Ratings of the Capacitors
IEEE Standard 18-2002 [9] shows that the voltage rating of 4160 V (terminal-to-terminal) has standard reactive power ratings of 50, 100, 150, and 200 kvar for the capacitors. Each value of the reactive power ratings of the particular voltage is used to calculate the corresponding value of . This value is then substituted into the objective function and constraints to become one variable equation in , Then, the problem becomes Maximize Subject to and are not a part of (25) The value is substituted into (25) to become one variable equation in . Hence, an iterative method is needed to generate the solution. From the experience, the Penalty Function method is chosen since it requires fewer steps and function evaluations [10] - [12] .
VI. OPTIMIZATION ALGORITHM
Let the basic optimization problem with inequality constraints be of the form (25). Choose the first value of the standard manufactured reactive power rating of capacitors in kvar [9] where is the number of discrete values available for the particular voltage rating used and has a starting value of 1. Using only the selected value of , calculate from the following:
Substitute the value of into (25) to become one variable problem in , and solve it to get the precalculated inductor values for series resonance. These values are used to subdivide the entire search region into small regions. By using the Penalty Function method, this problem is converted into an unconstrained problem by constructing a function of the form (26) where is some function of the constraint, is a positive constant known as the penalty parameter, and is the commonly used form [12] of the penalty parameter, which is the second part of (26) The suggested search algorithm is discussed below
Step 1) Start with an initial feasible point , , (24), satisfying all of the constraints with a strict inequality sign. Start with an initial value of , and set to solve the problem. Step 2) Maximize by using any of the unconstrained methods and obtain the solution , . The golden section search method [12] can be applied for obtaining the optimal .
Step 3) Test whether the solution , is the optimum solution of the original problem. The algorithm will stop when a feasible point will be reached or when the relative change in the objective function is small. 
If
, is found to be optimum, terminate the process. Otherwise, go to the next step.
Step 4) Find the value of the next penalty parameter as (28) where .
Step 5) Set the new value of , take the new starting point as , , and go to step 2.
VII. SIMULATED RESULTS
Four cases of the industrial plant were simulated using the optimization method.
Harmonic contents of the supply voltage and the load harmonic current are arbitrarily selected.
The resistance to reactance ration of the power system impedance is assumed to be 10%.
The resistance of the compensator reactor has been neglected due to its small value with respect to its fundamental reactance [13] .
The data of the four cases are given in Table I . Fig. 3 shows the improvements in choosing the value of during the search method and how it affects the objective function. Table II shows that additional harmonic content results in lower PF and higher . This is caused by the increase in compensated line current due to the additional harmonics.
The most important concepts to be illustrated involve the evaluation of harmonic current limits at individual customers and harmonic voltage limits on the overall system. These limits are typically evaluated at the point of common coupling between the supplier and the customer. The objectives of the nonlinear load harmonic current limits are to limit the individual harmonic voltage to 3% of the fundamental voltage, and total harmonic distortion of the voltage to 5% [14] . Table III shows that the resultant values all come out well within standard limits. Now, we test the displacement power factor (dPF), the supply current ( ), the network transmission efficiency ( ), and the loss in Thevenin resistance (TL) as shown in Tables IV-V. The advantages of the presented method consist of less harmonic power in secondary cables, lines, and switchgear owned by the end user, and it results in higher dPF, lower , lower TL, and higher compared with the uncompensated case.
The advantages of the presented method over the conventional approaches as mentioned above include the improvement in the accuracy of the solution and in the ability of the developed algorithm to guarantee convergence to the optimal solution. Using this method, the global optimal solution as well as the local optimums are determined. This additional information TABLE III  LOAD VOLTAGE HARMONICS FOR CASE 3   TABLE IV  PERFORMANCE OF DIFFERENT CASES BEFORE COMPENSATION   TABLE V  PERFORMANCE OF DIFFERENT CASES AFTER COMPENSATION   TABLE VI  PAYBACK PERIOD ANALYSIS can be useful for performing a cost-benefit decision analysis before implementing the optimal LC compensator. A simple analysis can be performed using the simple payback period method.
Payback period is the period of time required for the profit or other benefits from an investment to equal the cost of the investment. In all situations, the criterion is to minimize the payback period. The computation of payback period is given by the following equation [1] : years (29) Table VI shows that an additional harmonic content results in a cost increase for obtaining the same power factor. This is caused by the increase in compensator rating due to the additional harmonics. Also, paybacks of less than one year can be expected.
VIII. CONCLUSIONS
A mathematical model for determining an optimal LC shunt compensator value at nonsinusoidal busbars including the criterion of maximizing total annual savings resulting from the PF correction is developed. The choice of the compensator value is constrained by the values that may cause resonance.
The Penalty Function approach is an effective tool for designing the optimal LC shunt compensator to meet the requirements needed for using only one objective function. This approach can reveal system designs which lead to very low PF, which cannot be improved beyond some practical value.
The presented method performs two major tasks: to produce a certain level of reactive power, and to provide a low impedance path for harmonic currents that must be confined. Both requirements listed have a strong impact on the total cost of the LC compensator.
Ongoing research effort consists of the modification and application of this method to take into account load profiles, other constraints (for example, the allowable overloads for capacitor imposed by the standard or recommendations), and probability density function of several indices as well known in recent international standards; for example IEC 1000-3-6.
